Introduction
Recently, development of magnesium alloys with heavy as well as highly soluble rare earth (RE) metals such as Gd, Dy etc. have become an interesting subject for scientific investigations. Gd is one such rare earth element, that is being investigated for the possible development of new magnesium alloys with enhanced mechanical and corrosion properties. It has been reported that binary Mg-Gd alloys have better creep resistance than that of the commercial WE43 and QE22 alloys [1] . Many experimental alloys based on Mg-Gd-Y, Mg-Gd-Y-Nd, Mg-Gd-Zn, Mg-Gd-Y-Zn etc. have been developed and their microstructure and properties investigated. Among these systems, Mg-Gd-Zn is one of the very important systems as its microstructure consists of many different phases, such as I, W, Z and laves phases, depending upon the ratio of Zn and Gd contents, thus resulting in different mechanical behaviours [2] . In the present study, microstructure, mechanical and corrosion properties of Mg-10Gd-2Zn and Mg-10Gd-6Zn were evaluated in the ascast condition, and the properties were correlated with their microstructures.
Experimental
The alloys, Mg-10Gd-2Zn (Alloy 1) and Mg-10Gd-6Zn (Alloy 2) (all in wt.%), for the present investigation were prepared in a resistance tilt furnace under a protective gas mixture of Ar + 2% SF 6 . Polished samples were examined with optical, scanning electron (SEM) and transmission electron (TEM) microscopes. Tensile samples with a 30 mm gauge length, 6 mm diameter and M10 threads were machine out from the castings, and tested at room (RT) and at elevated temperatures of 200 and 230 o C according to DIN EN 10002 with a strain rate of 1 x 10 -3 s -1 . Creep tests were conducted at 250 and 300 o C with different initial stresses. Corrosion tests were conducted at room temperature in 0.5 wt.% NaCl solution using standard eudiometer apparatus with a total volume of 400 ml and a resolution of 0.5 ml. Cubic samples of size 14 x14 x 14 mm 3 were used for eudiometer studies. The corrosion rate (CR) was calculated in mm per year by converting the total amount of collected hydrogen into material loss (1 ml H 2 gas = 0.001083 g dissolved Mg) using the following equation:
where ∆g is total weight loss in g, A is surface area of the sample exposed in cm 2 , t is total immersion time in h and ρ is the density of the alloy in g cm -3 Results and Discussion Microstructures. Fig. 1a&b , show the SEM and TEM micrographs of Alloy 1, respectively. Two types of second phases were seen at the interdendritic regions, and the EDS analysis of the major phase marked as 'A' in Fig. 1a indicated that the phase consistently contained a little higher Gd than Zn content. The typical composition of the phase was 56.97 at.% Mg, 21.97 at.% Gd, 19.47 at.% Zn. The TEM analysis confirmed that the phase was face centred cubic (fcc) Mg 3 Gd type compound with the lattices parameter a = 0.726 nm. Thus, it can be identified as (Mg,Zn) 3 Gd type phase as reported in the literature [3] . This phase was previously referred to as W phase in the literature [4] . A few small particles (marked as 'B' in Fig. 1a ) containing equal amounts of Gd and Zn content (81.49 at.% Mg, 8.62 at.% Gd, 8.72 at.% Zn), but with lower volume fraction as compared to the (Mg,Zn) 3 Gd phase, were also seen. This phase is similar to the Mg 12 GdZn type phase, which is normally referred as Z or X phase containing LPSO structure. In addition, lamellar LPSO phase in the α-Mg matrix was also observed as evident from Fig. 1b . The microstructure of Alloy 2 consisted of a continuous network of second phase particles (Fig. 1c) . The EDS spectra taken at different particles showed that the Zn content was little higher than the Gd content and the Zn/Gd ratio was close to 1.5. From the TEM analysis it was confirmed that the phase was Mg 3 Gd type with a lattice parameter, a = 0.732 nm. Hence, this phase can be identified as (Mg,Zn) 3 Gd phase similar to the phase observed in Alloy 1, but with slightly different lattice parameters and formed as a more continuous network at the interdendritic regions. The TEM investigation also confirmed the presence of fine lamellar LPSO phase in the matrix. Moreover, no significant difference in the size of the lamellar LPSO phases in the two alloys was noticed. Tensile Properties. The tensile properties of the alloys at room temperature as well as at high temperatures are given in Table 1 . In general, the yield and the tensile strengths of both alloys were similar; however, the elongation to failure of Alloy 2 was lower. The elongation to failure of Alloy 2 was 34 % lower than that of Alloy 1 at room temperature. From the microstructures of Alloy 1 and Alloy 2 it can be seen that with the increase in Zn content from 2 to 6 % the amount of secondary phase at the grain boundaries increased and became continuous. The second phase (W phase/(Mg,Zn) 3 Gd)) in Mg-Gd-Zn alloys is incoherent with the Mg matrix, which leads to the formation of a weak interface [5] . For good particle strengthening at the grain boundary, the interface between the particle and the matrix should be coherent. Pile up of dislocations at the interface leads to the initiation of cracks and easier propagation along the interfaces, which results in poor ductility. In the present study, the TEM investigation suggested that the (Mg,Zn) 3 Gd phase had an f.c.c. structure leading to poor lattice matching, and the increased volume fraction of continuous second phase at the boundaries in Alloy 2 led to the inferior tensile properties. As the test temperature increased to 200 o C, the TYS and ultimate tensile strength (UTS) decreased significantly whereas elongation increased slightly for both alloys. Further increase in test temperature, i.e. to 230 o C, did not alter the tensile properties significantly. At all test temperatures, the yield strength and tensile strength was higher in Alloy 1 compared with Alloy 2. Creep Behaviour. Fig. 2a shows typical creep curves of the alloys tested at 250 and 300 o C under 70 and 80 MPa initial stress. It was seen that the creep performance of Alloy 1 was better than that of Alloy 2 at all the tested temperature and stress conditions. The minimum creep rates of Alloy 2 (Table 2) were one order of magnitude higher than those of Alloy 1. These results clearly indicate that the increase in Zn content in Mg-10Gd alloy from 2 to 6 %, significantly changed the creep behaviour of the alloy. The logarithmic stress versus minimum creep rate plots for the alloys at 250 and 300 o C are shown in Fig. 2b . It can be seen that the calculated n value changed from 8. Fig. 3a . However, no such precipitates were seen in Alloy 2 (not shown here). This indicated that Alloy 1 was strengthened by dynamic precipitation during creep exposure at low temperature. Also, such precipitation did not occur at the high temperature (300 o C). The EDS analysis of the as cast samples showed that Alloy 1 contains Gd rich areas around the second phase, and the β precipitates form during creep. However, no such regions were seen in Alloy 2, which was due to the presence of higher Zn content (6%) that led to increased amount of second phase (Fig. 1c) and lower supersaturation of solute in the inter-dendritic regions during solidification. At higher temperature (300 o C), the deformation was concentrated in the LPSO phase in both alloys as shown in Fig. 3b . 2.7X10 Corrosion Properties. The hydrogen evolution curves for the different alloys are shown in Fig. 4 . The volume of hydrogen increased with increasing time for both of the alloys, but at different rates. The rate of increase in hydrogen volume in Alloy 1 was slow compared to that in Alloy 2. The corrosion rates of Alloy 1 and Alloy 2 calculated from the hydrogen volumes were 23.50 mm/yr and 32.29 mm/yr, respectively. This result clearly indicates that the corrosion rate increased as the Zn content in the alloy increased. In general most of the second phases in the magnesium alloys are nobler than the magnesium matrix. These noble second phases at the grain boundary form a galvanic couple with the matrix and act as cathodic sites during corrosion. RE additions, as a major alloying element in Mg such as Mg-La, Mg-Ce, Mg-Nd and Mg-Y, lead to increased corrosion rates due to the presence of second phases [6] . Previous studies also reported that these galvanic effects due to the second phases reduce the corrosion resistance of Mg-RE-Y and Mg-RE-Zn ternary alloys, and when the second phases are dissolved into the matrix by solution treatment the corrosion properties improve drastically as the presence of rare earth elements in the solid solution stabilizes the surface film [7] . Hence the higher corrosion rate observed in Alloy 2 can be attributed to the higher volume fraction of second phases. Detailed investigation is in progress to confirm this mechanism.
Conclusions
The microstructures of Mg-10Gd-2Zn and Mg-10Gd-6Zn contained (Mg,Zn) 3 Gd and LPSO phases; however, the volume fraction of second phase was higher in Mg-10Gd-6Zn. Mg-10Gd-2Zn alloy showed better tensile and corrosion properties. Dynamic precipitation occurred in the Mg-10Gd-2Zn alloy which improved its creep properties.
